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We show that the constraints which follow from the Trans-Planckian Censorship Conjecture for
inflationary cosmology can be strengthened if the pre-inflationary period the universe was dominated
by radiation. The resulting upper bound on the energy scale of inflation is η ∼ 104 GeV, close to
the scale accessible to accelerator experiments.
I. INTRODUCTION
Recently, Bedroya and Vafa [1] put forwards the Trans-
Planckian Censorship Conjecture (TCC) according to
which no modes which had an initial wavelength smaller
than the Planck length are permitted to exit the Hub-
ble horizon during cosmological evolution. A motivation
for this conjecture comes from an analogy with Penrose’s
cosmic censorship hypothesis [2] according to which time-
like singularities must be hidden from external observers
by horizons. This not only shields the external ob-
server from having access to the singular surface, but also
shields the external observer from the region into which
the non-unitary evolution due to the time-like singular-
ity can extend. The TCC can be viewed as a generaliza-
tion of Penrose’s hypothesis to also shield observers from
Planck-scale physics, within the context of cosmology.
The expansion of the universe leads to an increase in
the physical wavelengths of all fluctuation modes. In an
effective field theory (EFT) analysis it is necessary to im-
pose an ultraviolet cutoff on the modes at a fixed physical
wavelength. But since the physical wavelengths of cos-
mological perturbation modes increase as the universe
expands, there is a unitarity problem in the EFT descrip-
tion since the Hilbert space of the fluctuation modes must
grow as a function of time [3]. During inflation, fluctua-
tions oscillate on sub-Hubble scales but freeze out, grow
in amplitude, and classicalize on super-Hubble scales
(see, e.g., [4] for a detailed review of the theory of cos-
mological perturbations, and [5] for an overview). The
TCC states that fundamental physics will prohibit fluc-
tuation modes which were at any time trans-Planckian
(and hence outside of the realm of the EFT) from ever
becoming classical and accessible to late-time observers,
and shields late-time observers from the unitary problems
of the EFT description.
The TCC does not lead to any constraints on the evo-
lution in Standard Big Bang cosmology since in this case
the fluctuation modes do not ever exit the Hubble radius
(rather, it is super-horizon modes that re-enter the Hub-
ble radius). On the other hand, for an inflationary uni-
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verse scenario with an early phase of almost exponential
expansion, the TCC leads to severe constraints1 [6]. As-
suming that the expansion rate is almost constant during
the period of inflation and assuming that the universe af-
ter inflation is given by the radiation phase of Standard
Big Bang cosmology2, there is an upper bound on the
energy scale of inflation [6]
Ve < 10
10 GeV , (1)
which leads to an upper bound on the amplitude of the
spectrum of primordial gravitational waves. This can be
expressed as an upper bound on the tensor-to-scalar ratio
r,
r < 10−30. (2)
Note that these bounds are independent of any assump-
tions about single field or slow-roll inflation [6].
These bounds are minimal in the sense that they do not
make any assumptions about the pre-inflationary evolu-
tion. Working in the context of Einstein gravity cou-
pled to scalar field matter (the scalar field responsible
for inflation), it is rather likely that there was a pre-
inflationary phase of radiation-domination. As we show
in this note, if this is the case then the constraints on
the energy scale of inflation become more severe; see also
1 The fact that the accelerated expansion of space during inflation
leads to a trans-Planckian problem for fluctuations was already
pointed out in [7], and see [8] for a review with references to
other works on this problem.
2 Constraints which can be derived from the TCC when relaxing
the condition of immediate radiation-domination after the end
of inflation have been considered in [9, 10], and relaxed bounds
when abandoning the assumption of an almost constant value of
the expansion rate have been studied in [9, 11]—note that the
post-inflation w = −1/3 phase in the setup of [9] has a space-
time diagram which is identical to the limiting value of power-law
inflation studied in [11] when the inflationary phase has a value
of w which approaches the value −1/3 from below (and in [12] in
the context of warm inflation [13]), while TCC constraints on the
shape of the inflaton potential in single-field slow-roll inflation
are derived in [14]. In deriving the bound on r, it was assumed
that the initial state of the fluctuations is the usual Minkowski-
like vacuum. What happens when this assumption is relaxed has
been considered in [15].
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2Sec. IV in [9] for a strengthened TCC bound when in-
cluding a pre-inflationary era. In this paper, we pay par-
ticular attention to the case where the pre-inflationary
phase is radiation-dominated, in which case it is possi-
ble to relate the Hubble rate with the temperature of
the radiation fluid; this provides a clearer understand-
ing of the TCC and its implications for early universe
cosmology. We also include the effect of the late-time
epoch of matter domination, which was neglected in [9].
In particular, we find that if the pre-inflationary phase is
radiation-dominated then the TCC implies that the en-
ergy scale of inflation is constrained to be η ∼ 104 GeV,
close to the scale accessible to accelerator experiments.
In the following we work in the context of a spa-
tially flat Friedman-Lemaˆıtre-Robertson-Walker cosmol-
ogy. The metric, expressed in terms of the cosmic time t
and the comoving coordinates x, is
ds2 = −dt2 + a(t)2 dx2, (3)
where the scale factor a(t) depends only on t, and the
Hubble expansion rate is given by H(t) = a˙/a, with the
dot denoting a derivative with respect to t. We adopt
natural units in which the speed of light c = 1 and denote
by mPl the reduced Planck mass.
II. STRENGTHENING THE TCC BOUND FOR
INFLATIONARY COSMOLOGY
Figure 1 shows a space-time sketch of an inflationary
cosmology with a pre-inflationary radiation phase. The
vertical axis is time, the horizontal axis is the physical
length scale. The inflationary phase (assuming constant
H during inflation) lasts from t = ti to t = tR. The time
tp is the Planck time when the background energy density
reaches the Planck scale, and t0 denotes the present time.
The solid curve denoted by lH is the Hubble horizon
lH(t) = H
−1(t) , (4)
and the dashed line labelled by k shows the physical
length of a fluctuation mode which is entering the Hub-
ble radius today. The x value of the vertical dashed line
denotes the Planck length.
The minimal constraint on inflationary cosmology re-
sulting from the TCC originates by demanding that no
scale which has length smaller than the Planck length
lPl = m
−1
Pl at the beginning of inflation ever exits the
Hubble radius,
a(tR)
a(ti)
lPl ≤ H−1(tR) . (5)
In the sketch of Figure 1 this condition is saturated: the
dashed line starting with Planck length at the beginning
of inflation just barely reaches the Hubble length at the
end of inflation.
As is clear from Figure 1, in a cosmology where the
universe is expanding during the pre-inflationary phase,
if the minimal TCC condition (5) is saturated then there
are modes that initially have a physical wavelength equal
to or even shorter than lPl at a time between tp (before
which the EFT description of the background space-time
breaks down) and ti which exit the Hubble radius during
the inflationary period before tR. These trans-Planckian
modes correspond to curves which are displaced paral-
lel downwards from the dashed curve which reaches the
Hubble radius at tR. Of course, this possibility would vi-
olate the TCC. Therefore, in an expanding universe the
TCC also requires the stronger condition that
a(tR)
a(tp)
lPl ≤ H−1(tR) . (6)
Assuming that the pre-inflationary phase is radiation-
dominated, the slope of the dashed curve is steeper in
the radiation phase than the slope of the Hubble radius
curve3; the former scales as a(t) ∼ t1/2, the latter as
t. Due to the growth in a(t) during the pre-inflationary
phase, the TCC now implies a stronger bound on the
energy scale of inflation by a factor of a(ti)/a(tp).
In order for inflation to provide the possibility of a
causal mechanism to explain the observed structure of
the universe on cosmological scales, the comoving scale
corresponding to the current Hubble radius (denoted by
k) must originate inside the Hubble radius at the begin-
ning of inflation
H−10 e
−N T0
TR
≤ H−1(tR) . (7)
Here N is the number of e-foldings of inflation, H0 de-
notes the current Hubble constant, T0 the current tem-
perature of the cosmic microwave background, and TR
the temperature at the end of inflation. The condition
(7) assumes that the radiation phase of Standard Big
Bang cosmology starts right after inflation, and that the
entropy production between tR and t0 is negligible
4 (in
which case the ratio of scale factors is the inverse of the
ratio of the temperatures).
Since in a radiation-dominated space-time T ∝ a−1,
the condition (6) can be rewritten in terms of tempera-
tures,
Tp
Ti
eN lPl ≤ H−1(tR) , (8)
where Ti and Tp are the radiation temperatures at times
ti and tp, respectively.
3 Note that the slope of the dashed curve is steeper than the slope
of the Hubble radius for all (non-inflationary) matter fields with
an equation of state ω = p/ρ > −1/3. The smaller the equation
of state is, the stronger the new condition (6) is on the Hubble
radius during inflation.
4 Here and in the following we neglect factors of order 1 in the
analysis.
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FIG. 1: Space-time sketch of the cosmology we are studying: an inflationary phase lasting from t = ti to t = tR with a preceding
radiation phase from the Planck time tp to ti. The horizontal axis denotes physical length, and the vertical axis is time. The
solid line is the Hubble radius lH , the vertical dashed line labelled p indicates the Planck length, the dashed line labelled by
k represents the physical length of a fixed comoving scale which enters the Hubble radius at the present time t0. In order for
inflation to provide a causal mechanism for structure formation, this scale has to be sub-Hubble at the beginning of inflation,
a condition which in this sketch is shown to be saturated.
The lower bound (7) and upper bound (8) on the du-
ration of inflation eN are compatible provided that
H(tR)
H0
T0
TR
≤ 1
lPlH(ti)
Ti
Tp
, (9)
using the assumption that H(ti) = H(tR). The Fried-
man equation for a thermal bath of radiation relates the
Hubble rate with the temperature,
H(T )2 =
1
3m2Pl
g∗(T ) T 4 , (10)
where g∗ is the number of spin degrees of freedom in
the thermal bath. Assuming that g∗ is of order unity
between tp and ti and also between tR and t0, condition
(9) becomes
TiTR ≤ m
2
Pl
T0
H0 , (11)
using also Tp = mPl = l
−1
Pl .
The Friedman equation also implies
H20 =
T 30 Teq
3m2Pl
, (12)
where Teq is the temperature at the time of equal matter
and radiation. This relation holds since H2eq ∝ T 4eq, and
for T < Teq the universe is matter-dominated so ρ ∝
a−3 ∝ (T/Teq)3.
Inserting (12) into (11) and assuming Ti = TR (no de-
crease in H during inflation, and instantaneous reheat-
ing) then gives
TR ≤ √mPl
(
TeqT0
)1/4 ∼ 104 GeV , (13)
up to factors of order 1. Note that this scale is not too
far above the reach of current accelerator experiments.
Since the amplitude P(h) of the spectrum of primordial
gravitational waves produced during inflation is given by
[16]
P(h) ∼
(
H
mPl
)2
∼
(
TR
mPl
)4
< 10−56 , (14)
the bound on the tensor to scalar ratio r becomes (given
the observed amplitude of the scalar spectrum P(R) ∼
10−9)
r < 10−47 , (15)
4which is many orders of magnitude smaller than the am-
plitude of stochastic gravitational waves produced by
other processes between the end of inflation and the
present time.
III. CONCLUSIONS AND DISCUSSION
In this note we have shown that the upper bound
on the energy scale of inflation tightens substantially
compared to what was obtained in [6] if the universe
is radiation-dominated (and expanding) between the
Planck time and the onset of inflation. In fact, the bound
reduces to an energy scale only slightly higher than the
scale being probed by terrestrial accelerator experiments.
In this case the lowered upper bound on the energy scale
of inflation implies an even stronger bound on the am-
plitude of the spectrum of gravitational waves. More
generally, any pre-inflationary era during which the uni-
verse expands will strengthen TCC bounds on the energy
scale of inflation. For a pre-inflationary expanding phase
with a constant equation of state ω (by definition, in the
pre-inflationary phase ω > −1/3), the strengthened TCC
bound is (
TR
mPl
)3− 43(1+ω) ≤ √TeqT0
m2Pl
. (16)
A similar strengthened bound (although neglecting the
late-time era of matter-domination) was derived in [9].
We see that the upper bound on TR decreases and be-
comes stronger if ω decreases.
Note that the smaller the energy scale of inflation,
the more contrived it becomes to construct an infla-
tionary model which yields the observed amplitude of
the spectrum of cosmological perturbations. For exam-
ple, for slow-roll single-field inflation, the TCC bound on
the tensor-to-scalar ratio r implies that the slow-roll pa-
rameter  = −H˙/H2 ≤ 10−48. However, these results
(and also those of [6]) can be relaxed by dropping one
of the various assumptions we have made: an expand-
ing radiation-dominated pre-inflationary phase, standard
cosmology after inflation, an almost constant value of H
during inflation, a number of spin degrees of freedom
in the thermal bath of the radiation fluid g∗ of order
unity, and the standard mechanism for producing the
observed nearly scale-invariant fluctuations. But on the
other hand, relaxing any one of these assumptions implies
departing from the simplicity of the original inflationary
scenario.
Perhaps the simplest departure is to assume that the
pre-inflationary phase is contracting rather than expand-
ing, with a cosmic bounce occurring near the onset of in-
flation [17]; inflationary models like these are not subject
to the strengthened TCC constraints derived here.
Finally, recall that an important motivation for the
TCC is to ensure that inflation can be described in an
EFT framework. On the other hand, a better under-
standing of fundamental physics could remove this mo-
tivation by providing a UV-complete description of in-
flation. In this case, the trans-Planckian problem [7] of
fluctuations becomes a trans-Planckian window of oppor-
tunity to test fundamental physics—whether string the-
ory, loop quantum gravity, asymptotic safety, or other
theories—using cosmological observations. Our best can-
didate for a theory that unifies all forces of nature and is
complete in the ultraviolet is superstring theory. In the
context of string theory, there have been a series of argu-
ments which indicate that inflation is hard to realize in
string theory [18]. They go under the name Swampland
Constraints [19] (see [20] for recent reviews, and see [21]
for a recent analysis from the point of view of string gas
cosmology [22]). Thus, from the perspective of string the-
ory one cannot simply discard conclusions coming from
the TCC by invoking quantum gravity effects. In fact,
as studied in [1] and [23], there is a close connection be-
tween the swampland conditions and the TCC. In partic-
ular, both exclude the presence of a stable vacuum with
a positive cosmological constant, but both are consistent
with a phase of dark energy domination of cosmology at
the present time (see, e.g., [24]).
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